Abstract
Introduction Energy overview in Africa
Africa is a net energy exporter, but the majority of its population lacks access to clean energy, and many African countries rely on imported energy (Amigun et al., 2012) . Biomass, mainly in the form of fuelwood and charcoal, is the dominant energy source used in sub-Saharan Africa (SSA) and accounts for approximately 74% of total energy consumption there, compared with 37% in Asia and 25% in Latin America. Half a billion of people living in SSA do not have access to electricity in their homes and rely on solid fuels (fuelwood, agricultural/crop residues and animal wastes) to meet basic energy needs for cooking, heating and lighting. The disadvantages of these traditional fuels are many: (i) they are inefficient energy carriers and the heat release rate is difficult to control; (ii) they release harmful gases; and (iii) the current rate of extraction is unsustainable (Parawira, 2009) .
Energy utilisation in South African households
In South Africa, 15% of households did not have access to electricity in 2014 (World Bank, 2017) and used fuelwood as the main energy source. Approximately 54%, 46% and 29% households without access to electricity rely on fuelwood as the main energy source for cooking, water heating and space heating, respectively (Department of Energy, 2013) . In the South African context, fuelwood can be considered the major solid fuel of concern for substitution with biogas. The proportion of South African households that rely on coal as the main source of energy for cooking and space-heating declined from 3% to 0.8% and 5% to 1.8%, respectively, from 2002 to 2012. Mpumalanga province remains the main user of coal, with 5.7% and 10.5% of households still relying on it for cooking and space-heating respectively (Statistics SA, 2013b) .
Biogas as a renewable energy source
Biogas energy is currently employed in the developing world, especially Asia to meet energy demand by low-income households and combat the environmental and health effects of solid fuel use (SFU) (Gautam, Baral & Herat, 2009) . It is produced through anaerobic digestion (AD) of organic waste (i.e. kitchen, animal and human waste), making the technology ideal for developing countries that lack waste handling and sanitation facilities. South Africa, unlike its Asian counterparts, is amongst the African countries that have seen limited growth in terms of domestic bio-digester installations, which Bond and Templeton (2011) attribute to limited research.
Problem statement
Although there has been extensive academic research into the status, prospects and constraints of domestic biogas technology in the developing world (Van Nes & Nhete, 2007; Gautam et al., 2009; Greben & Oelofse, 2009; Parawira, 2009; Bond & Templeton, 2011; Amigun et al., 2012; Ghimire, 2013; Pérez et al., 2014; Surendra et al., 2014) , scant research is available in the South African context. Hennekens (2012) conducted a study aimed at gaining a sociological understanding of the potential of biogas practices to address the problem of domestic energy in low-income households, in rural and peri-urban areas in South Africa. A study was also conducted by Austin and Blignaut (2008) , as cited in Smith et al. (2013) , which highlighted some of the social, economic and environmental benefits associated with implementation of a rural biodigester programme in South Africa. The objectives of this desktop study were to investigate the feasibility of biogas use for substitution of presently used solid fuels in rural and peri-urban households, the consequent health co-benefits and the constraints to adoption of domestic biogas technology in South Africa.
Methods
The primary research method used is to calculate the required parameters based on values obtained from a literature study. The literature study was also used to identify the gaps and opportunities in terms of biogas technology adoption and dissemination in South Africa, thereby formulating the research questions to address those gaps.
Literature review

Energy demand in low-income South African households
Low-income households without access to electricity in rural areas of KwaZulu-Natal, Eastern Cape and Limpopo and peri-urban/informal settlements of Gauteng rely on biomass (predominantly fuelwood) as a main source of energy for cooking, space-heating and water-heating (Department of Energy, 2013). These households are in the lowest income brackets, ranging from R0-9 600 per annum. Based on total annual fuelwood consumption, the average annual household fuelwood consumption for these households in South Africa is ≈12 kg/day/household. (Damm & Triebel, 2008) .
Energy efficiencies of domestic fuels
In the rural areas of developing countries, traditional/conventional cook-stoves, three-stone fires or open fires are still prevalent. As in other African countries, the uptake of more efficient wood-burning appliances has been limited in South Africa (SALGA 2014) . As shown in Table 1 , several studies have been conducted to determine the fuelwood efficiency of various cooking methods, including three-stone fires, using a water-boiling test, which is a simplified simulation of a cooking process. Table  1 shows the reported fuelwood thermal efficiencies for open fires measured using this test.
One of the limitations of the water-boiling test is that, as a controlled test it may not be representative of actual cooking conditions and the figure for thermal efficiency obtained may overestimate actual thermal efficiency. The lowest thermal efficiency (13%) from Table 1 is, therefore, used in this study. Thermal efficiency for the biogas stoves varies between 50% and 60% (Clean Energy Solutions (Vienna), 2001as cited in Rajendran et al., 2012; Itodo et al., 2007; Resources Centre for Sustainable Development (Assam), 2008; Fulford, 1988) . Khadi and Village Industries Commission and Bureau of Indian Standards recommend that the efficiency of domestic biogas burners should be >55% (Smith et al., 2000) . A biogas efficiency of 55% reported in Smith et al. (2000) is therefore used in the present study. Biogas can also be used for lighting with biogas lamps with an efficiency of 3-5% (Thom, 1994; Everson & Smith, 2015; Al Seadi, 2008; Smith & Everson, 2016) . Household energy demand is also dependent on the heating or the calorific value (CV) of fuel used. Table 2 shows the reported CVs of various domestic fuels. The CVs of 17 MJ/kg and 20 MJ/m 3 for fuelwood and biogas respectively are used. 
Domestic biogas production
Biogas consists of 50-70% methane, 30-40% carbon dioxide and traces of other gases such as hydrogen sulphide, ammonia and hydrogen produced by AD of biological matter (Surendra et al., 2014) . Various biological matters (substrates) can be used as feedstock in a domestic bio-digester, such as animal waste, human excreta and kitchen/food waste, because of their availability at household level.
Biogas digester technology
Three types of domestic bio-digester (see Figure 1 ) are popular in developing countries, namely, Chinese fixed dome, Indian floating drum and Taiwanese plastic tubular. They are small (5-10 m 3 ) and mostly used to meet household energy demand for cooking and lighting. Taiwanese plastic tubular digesters are the least expensive design but are susceptible to mechanical damage and have a short operational life of only 2-10 years (Pérez et al., 2014) . The Chinese fixed dome digester is often the design of choice because of its reliability, low maintenance requirements and long lifetime (Parawira, 2009) . About 1 500-2 400 L/day of biogas is considered sufficient to supply cooking requirements for a family of five (Bond and Templeton, 2011) .
Characteristics of feedstocks
In general, all types of biomass can be used as feedstock as long as they contain carbohydrates, proteins, fats, cellulose, and hemicellulose as main components (Bond & Templeton, 2011) . However, the biodegradability of the feedstock depends on its physical and chemical form (Fulford, 1988) . Typical feedstocks used for biogas production are animal waste, human excreta/sewage, kitchen/food waste and co-digestion of multiple feedstocks. Table 3 shows typical biogas production potential of the abovementioned feedstock used for domestic biodigesters. The composition of food waste at post-consumer stage is shown in Table 4 from Deublein and Steinhauser (2008) . Equations 1 and 2 were used to calculate the percentage DM and biogas yield for a composite feedstock or a mixture of different feedstocks.
Weighted biogas yield mean = x i  biogas yield i (2) where x i , = % composition of food waste as shown in Table 4 .
Biogas as a renewable energy source in the developing world
The number of domestic bio-digesters installed in selected developing countries and the year of biogas programme implementation are listed in Table  5 . In South American countries such as Argentina, Peru, Brazil, Chile and Mexico, the implementation of domestic bio-digesters is just starting (Deublein & Steinhauser, 2008) . From 2006 to 2011 only a few digesters (predominantly the plastic tubular type) were implemented in rural Peruvian communities by means of pilot research and development cooperation projects (Ferrer et al., 2011) . In South Africa, 38 biogas production operations (predominantly of fixed dome type) are registered by National Energy Regulator of South Africa, according to the requirement of the Gas Act of 2001 (De Bruyn, 2013 .
Challenges for the dissemination of domestic biogas technology
Developing countries encountered the following (Ghimire, 2013) . (iv) Low income of the target group: One of the major barriers for the widespread dissemination of domestic biogas technology is the high installation, operating and maintenance (IOM) costs, which puts it out of financial reach of many rural households (Surendra et al., 2014) . (v) Lack of technical knowledge: Lack of knowledge about the construction, operation and maintenance of biogas systems is often cited as a reason for non-adoption of biogas in some countries in Africa. Poor IOM capacity of the users has led to poor performance and even abandonment of bio-digesters (Amigun et al., 2012) . (vi) Limited water availability: The site-specific issues that have limited the scope of biogas technology in sub-Saharan Africa include the availability of water and organic materials for effective bio-digester operation. Bio-digesters typically require water and waste to be mixed in an equal ratio (Surendra et al., 2014) . Mengjie (2002) and Ng'wandu et al. (2009) have recommended the use of greywater for feeding a domestic bio-digester, but excluding greywater contaminated with detergents or chemical cleaning products to avoid destroying microbial activity in the bio-digester. In South Africa, greywater generated per household is approximately 75% of the household water consumption (Carden et al., 2007) .
Benefits of biogas technology
Beyond supplying free, clean and renewable energy accessible at household level in developing countries, biogas technology offers the following benefits.
(i) Biogas improves health of rural low-income households by providing a cleaner cooking fuel and a waste handling solution thus avoiding health problems (Amigun et al., 2012) . (ii) Bio-slurry/digestate when used as a fertiliser enhances physical, chemical, and biological attributes of the soil and increases crop productivity when applied to the land (Surendra et al., 2014) . (iii) Economic benefits from bio-digester installations include job creation in the biogas sector, funds that can be made through carbon credits and reduced costs from imported chemical fertilisers and fossil fuels (Gautam et al., 2009 ). (iv) Social development due to the reduced workload from women and children associated with collecting fuelwood or cow dung and also the availability of clean household energy (Garfí et al., 2012) . (v) Reduction in greenhouse gas (GHG) emissions by displacing the burning of fuelwood and paraffin in inefficient cook stoves with biogas (Dioha et al., 2012) . Biogas technology could potentially reduce global anthropogenic methane emissions by around 4% (Bond and Templeton, 2011) . (vi) Reduction in deforestation associated with the dependency of rural areas on fuelwood as the main source of energy. Global deforestation is responsible for 17-25% of all anthropogenic GHG emissions and a contributor to soil erosion resulting in vulnerability to the effects of droughts and floods (Surendra et al., 2014) .
Renewable energy policy in South Africa: The biogas technology context
In the White Paper on Renewable Energy (2003), the government set a medium-term (10-year) target of 10 000 GWh renewable energy contribution to final energy consumption by 2013 (i.e. 1 000 GWh/year), to be produced mainly from biomass, wind, solar and small-scale hydro. The renewable energy is to be utilised for power generation and non-electric technologies such as solar water-heating and bio-fuels. The potential exists to utilise waste from livestock (cattle, pig and poultry) to produce biogas. The potential energy from livestock waste is approximately 5 600 GWh/year (Department of Minerals and Energy, 2003).
Research gaps
The following gaps were addressed in the literature review: (i) The availability of animal or livestock waste for feeding domestic bio-digesters.
The following gaps are addressed in this study: (i) The availability of other types of organic wastes such as kitchen and human waste for feeding bio-digesters. (ii) The energy demand by an average sized lowincome household in South Africa and equivalent biogas requirement to meet that demand. (iii) The reduction in the burden of diseases and mortalities due to substitution of conventional domestic fuels with biogas. (iv) The number of households that can potentially benefit from domestic bio-digester installations. (v) The availability of water at household level to feed simultaneously with feedstock.
Methodology 3.1 Research design
The energy demand by an average sized lowincome South African household was calculated using Equation 3:
where Q is the household energy demand in MJ/ day, m is the fuel demand in kg/day or L/day, CV is the calorific value of fuel in MJ/kg or MJ/m 3 , and  is the fuel thermal efficiency (see Table 6 ). Fuelwood savings from domestic bio-digester installations were calculated and compared against the findings from literature. The income savings incurred by households from using biogas were also calculated using the net direct use value of fuelwood and the income of low-income South African households. The net direct use value of fuelwood and the upper band of the income bracket was inflated to current times using Equation 4.
= (4)
where Price 2 is the current item price, Price 1 is the base price, CPI 2 is the current consumer price index and CPI 1 the base year consumer price index.
The attributable DALYs lost and mortalities avoided in South Africa due to the substitution of fuelwood use with biogas were calculated using Equations 5 and 6, where P SA , and P Africa are the population sizes in South Africa and Africa in 2000 (43 791 000 and 655 476 000 respectively). DALYs lost and mortalities in Africa due to IAP from SFU were 12 318 00 and 392 000 in 2000 respectively (WHO, 2002) . The solid fuel mix used in South Africa was used to calculate the attributable DALYs lost and mortalities avoided from indoor smoke from fuelwood use.
DALYs lost in SA = Dalys lost in Africa (5) Mortalities in SA -Mortalities in Africa 
Equations 7 and 8 were used to calculate the number of animals and the animal waste requirements respectively for feeding a domestic biodigester with an average size of 5-10 m 3 . The same methodology was followed when calculating the number of people and the human waste required for feeding an average-sized domestic bio-digester.
No. of animals =
Waste required = Daily production No. of animals (8) Biogas yield and daily production for animal and human waste were shown in Table 3 . The weighted average %DM and biogas yield (m 3 /kg DM) for food waste were calculated as discussed in Section 2.1. Equations 9 and 10 were used to calculate the dry matter (kg DM/day-bio digester) and the respective daily food waste requirement (kg/day-bio digester).
Dry matter = (9)
Food waste required = (10)
The amount of water required for mixing waste was calculated using Equation 11. The %DM old for various feedstocks used in calculations were obtained from Table 3 , where %DM opt is the optimum percentage dry matter of 8% for feeding a digester as recommended by Yadvika et al. (2004) . Feed is the waste requirement calculated using Equations 8 and 10.
Water added = (11)
Data collection
In order to achieve the research objectives, the following data were collected from various literature sources.
(i) Thermal efficiencies and CVs for conventional domestic fuels and biogas were obtained from different literature sources as discussed in Section 2.1. 
Dry matter %DM
(ii) Fuelwood consumption by low-income households was obtained from Damm and Triebel (2008) . ( 
3.3.
Data analysis A comparative study of the following was conducted, and the results are given in Section 4. (i) The calculated biogas requirement by lowincome households for cooking against the 1 500-2 400 L/day/household that was reported by Bond and Templeton (2011) . ( 
Results and discussion
Energy demand for cooking and the total energy demand by an average sized household were found to be 27 and 68 MJ/day/household respectively. The biogas requirement for fuelwood replacement used for cooking is estimated at 2 500 L/day/household. This concurs with the biogas requirement for cooking of 1 500-2 400 L/day/household of biogas (Bond & Templeton, 2011) .
In low-income South African households, approximately 80% of the total energy used for cooking, space-heating and water-heating is derived from burning fuelwood (Damm & Triebel, 2008) . This concurs with the assumption made by Pathak et al. (2009) and Surendra et al. (2014) that 80% of the produced biogas would be used for replacement of fuelwood and the remaining 20% would replace paraffin used in households for cooking and lighting respectively. Complete substitution of conventional domestic fuels with biogas requires 5 000 L/day/household for cooking, water-and space-heating and 1 250 L/day/household for lighting. Due to the low efficiency of biogas lamps and their associated safety concerns, the use of biogas for lighting is discouraged. The use of alternative lighting technologies such as PV solar home systems, comprising a solar panel, battery, light-emitting diode lights and a cell phone charger, are recommended.
Installation of a 2 500 L/day capacity biodigester per household will result in a 50% reduction in total household fuelwood use whereas a 5 000 L/day capacity bio-digester would result in 100% reduction in the total household fuelwood use. This is comparable with the 74% and 84% reduction in household fuelwood use because of domestic biogas implementation in China and Sri Lanka respectively (Remais et al., 2009; Bond & Templeton, 2011; de Alwis, 2002) .
Based on the inflated net direct use value of fuelwood (R1 808/annum) and the inflated upper band in the income range of low-income household (R21 013/annum), the installations of a 2 500 L/day capacity bio-digester will result in 4.3% household income savings. Installation of a 5 000 L/day capacity bio-digester will result in 8.6% household income savings. There are approximately 1.581 million households in South Africa that still rely on fuelwood as the main source of energy for cooking (Statistics SA, 2013a) . This translates to a national cost savings of R1 billion/annum by replacing fuelwood used for cooking with biogas, not taking into account the value of wood as an environmental asset. Figure 2 depicts the attributable DALYs lost and mortalities due to SFU, fuelwood use and the avoided attributable DALYs lost and mortalities from the installation of 2 500 and 5 000 L/day capacity bio-digesters. Complete substitution of fuelwood used for cooking with biogas will, therefore, result in the avoidance of 43% of total attributable DALYs lost and mortalities from indoor smoke due to SFU.
The number of animals and people required per household to produce enough waste for feeding a 2 500, 5 000 and a 6 250 L/day capacity biodigester are shown in Figure 3 . Bembridge and Tapson (1993) and Gaudex (2014) reported that in Southern Africa 68% of communal farmers own fewer than ten cattle, with an average of six per household. Using Figure 4 and Table 6 , approximately 613 662 South African households can potentially benefit from a 2 500 L/day bio-digester installations fed with cattle dung. Approximately 131 391 households can potentially benefit from installations of a 5 000 or a 6 250 L/day capacity bio-digester fed with cattle dung.
Using Figure 3 and Table 6 , 12 089 households that own pigs have a potential to benefit from a bio- digester of any size, as 20 pigs or more are required for the smallest digester fed with pig waste.
The number of households involved in poultry production was estimated at 1.4 million (Statistics SA, 2011). The total number of chickens in South African households reported by Statistics SA (2010) was 22.8 million. The number of chickens per household (involved in poultry production) can be estimated at 16. Based on the number of chickens required (see Figure 4) , it is infeasible to operate a bio-digester fed solely with chicken waste at household level in South Africa. A chicken farm is required for such an application.
The average size of a South African household is estimated at four (Statistics SA, 2013a) . Based on the number of people required (Figure 4) , the average size of a South African household is insufficient to produce enough human excreta for feeding a 2 500, 5 000 and 6 250 L/day capacity bio-digester. A community bio-digester used by 15, 30 and 39 households is consequently recommended for feeding a 2 500, 5 000 and 6 250 L/day capacity biodigester.
The total food waste generated by South African households is estimated at 1.44 million tons/annum (DEA, 2012) . The number of households in 2011 was estimated at 14.6 million (Statistics SA, 2013a). The average food waste generated can therefore be estimated at 270 g/day/household. Based on the calculated food waste shown in Figure 3 , an average South African household produces insufficient food waste for feeding a domestic bio-digester.
Co-digestion of a 1:1 mixture of cattle dung and human waste is infeasible in South African context because of a large number of people required per household ( Figure 5 ). The majority of households that own cattle are necessarily in rural areas (Statistics SA, 2011) . Co-digestion of cattle dung and human waste in a community digester is also infeasible for either rural or urban households because of the unavailability of cattle dung in urban areas and the segregated nature of rural households.
Co-digestion of a 1:1 mixture of food waste and human waste requires a household with at least 19, 38 and 47 members and food waste of 9.5, 19 and 23.5 kg/day for feeding a 2 500, 5 000 and 6 250 L/day capacity bio-digester respectively. Based on the average amount of food waste generated by a South African household and the average household size, there is insufficient kitchen and human waste for feeding a domestic bio-digesters per household. A community digester in a peri-urban area/informal settlement is recommended, due to the availability of both food and human waste. In terms of water availability (Figures 6 and 7) , non-sewered households generate sufficient greywater for feeding a domestic biogas digester for cooking purposes (2 500L/day/bio-digester). Grey water is therefore recommended over drinking water. Water consumption by non-sewered South African households with access to on-and off-site water supply is approximately 200L/day and 105 L/day respectively (Carden et al., 2007) . In cases where greywater is insufficient, augmentation with harvested storm water or water from nearby rivers, dams and streams is recommended.
Conclusions
In order to meet the energy demand for cooking in all low-income South African households, 2 500 L/day of biogas per household would be required.
Biogas requirement for complete substitution of household fuelwood use is 5 000 L/day and for complete substitution of conventional domestic fuels is 6 250 L/day of biogas.
Substitution of fuelwood used for cooking with biogas will result in the avoidance of 43% of the total attributable DALYs lost and mortalities from IAP due to SFU. Complete substitution of fuelwood with biogas will result in avoiding 85.4% of attributable DALYs lost and mortalities from IAP due to SFU.
Based on livestock numbers, approximately 625 000 households in South Africa can potentially benefit from bio-digesters fed with cattle and pig waste. It is infeasible to operate a domestic biodigester fed solely with either chicken waste, human waste or food waste, because of insufficient feed- 
